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doi:10.1Objective: Pressure recovery results in Doppler gradients greater than catheter gradients and is well established
in association with bileaflet mechanical aortic valves. Because pressure recovery is influenced by orifice
geometry, it might manifest differently with various valve prostheses. If true, then the reliability of Doppler
echocardiography for the estimation of aortic valve gradients might be different with different prostheses.
The purpose of the present study was to test, in an in vitro setting, the degree to which pressure recovery results
in Doppler overestimation of gradients for three commonly used aortic valve prostheses.
Methods: Carpentier Edwards Perimount, Medtronic Mosaic, and St. Jude Medical bileaflet prostheses were
tested under various flow conditions in a pulsatile mock flow loop with a normal aorta size. Mean pressure
gradient was assessed with transducers 1 cm and 10 cm distal to the valve and with Doppler echocardiography.
Pressure recovery was defined as the difference between the Doppler gradient and a 10-cm gradient. The
percentage of the maximum pressure gradient composed of pressure recovery and the percentage of pressure
recovery complete 1 cm distal to the valve were calculated.
Results: There was substantial pressure recovery for all valves in all flow states. Pressure recovery was respon-
sible for 50% or more of the Doppler gradients for almost all conditions and was more than 70% complete
within 1 cm for almost all conditions. Multivariate analysis found that flow and valve area (but not valve
type) were predictors of pressure recovery; that flow was the major predictor of the percentage of Doppler gra-
dient composed of pressure recovery (with minor contributions from the aorta size and prosthesis type); and that
valve type and aorta size were the major predictors of the percentage of pressure recovery complete at 1 cm.
Conclusions: In an in vitro model with a normal aorta size, substantial pressure recovery occurred with all three
aortic valve prostheses. Although statistically significant differences were found between valve types in the per-
centage of pressure recovery and percentage of pressure recovery complete at 1 cm, the differences were small
and clinically unimportant. Clinically, among patients with an ascending aorta diameter less than 3.0 cm,
Doppler echocardiography likely substantially overestimates aortic valve mean gradient, regardless of prosthe-
sis type. (J Thorac Cardiovasc Surg 2012;144:453-8)Echocardiography/Doppler imaging is the current standard
for the clinical assessment of aortic valve gradients, includ-
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SDoppler-derived gradients generally correlate well with
invasive measures, the presence of pressure recovery can re-
sult in Doppler overestimation of invasively derived gradi-
ents. Pressure recovery occurs when pressure energy
proximal to a valve, converted to kinetic energy as flow
accelerates through the valve, is ‘‘recovered’’ as pressure
energy distal to the valve, rather than being lost as heat.1-3
The maximum pressure gradient (PMAX) represents the
pressure difference between the left ventricle and site of
lowest pressure (the vena contracta). The net pressure
gradient (PNET) represents the pressure difference after
pressure recovery is complete. Pressure recovery (PPR)
represents the difference between PMAX and PNET. Invasive
testing measures PNET, with placement of the aorta catheter
several centimeters distal to the aortic valve. In contrast,
Doppler echocardiography estimates the PMAX, measuring
the pressure difference using the maximum velocity of
flow at the vena contracta.
The presence of PPR is well established in association
with bileaflet mechanical aortic valves.4-8 Althoughrdiovascular Surgery c Volume 144, Number 2 453
Abbreviations and Acronyms
PMAX ¼ maximum pressure gradient
PNET ¼ net pressure gradient
PPR ¼ pressure recovery
PPR% ¼ percentage of maximum gradient
composed of pressure recovery
PPR[1cm]% ¼ percentage of pressure recovery
complete 1 cm distal to valve
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Sdocumented with bioprostheses5-9 and with a disc-type me-
chanical valve,5,6,10 PPR is believed to be of the greatest
magnitude with bileaflet valves.4-8 Factors known to
affect PPR include the severity of stenosis,
2,5 stenosis
geometry,1,2,4 flow rate,2 and the size of the ascending aorta
relative to the aortic valve orifice area.7,9,11,12 Because
various heart valve prostheses have different orifice
shapes, the influence of orifice geometry on PPR suggests
that it might manifest differently with different aortic
valve prostheses. If true, then the reliability of Doppler
echocardiography for the estimation of aortic valve
gradients might be different with different prostheses. The
purpose of the present study was to test, in an in vitro
setting, the degree to which PPR results in Doppler
overestimation of gradient for three commonly used aortic
valve prostheses.
METHODS
Prosthetic Heart Valves
All testing was performed using 19-mm and 23-mm heart valve prosthe-
ses: Carpentier Edwards Perimount bioprosthesis (Edwards LifeSciences,
Irvine, Calif), Mosaic porcine bioprosthesis (Medtronic CardioVascular,
Minneapolis, Minn), and St. Jude Medical bileaflet mechanical prosthesis
(St. JudeMedical, St. Paul, Minn). Three different prostheses were used for
each tested valve and size (18 total valve prostheses).
Pulse Duplicator
A previously described pulsatile circulatory mock flow loop was used to
provide consistent flow hemodynamics during all measurements.2,13 In
brief, the flow loop is a hydraulic model of the human systemic
circulatory system with adjustable compliance and resistance; the
dimensions of the flexible silicon left ventricle and rigid aorta are based
on physiologic geometry. The size of the ascending aorta varied, using
two aorta sizes for each aortic valve prosthesis size. The 19-mm prostheses
were tested using a 21-mm and 29-mm diameter aorta, and the 23-mm
prostheses were tested using a 25-mm and 29-mm aorta. The smaller aorta
sizes were the smallest size that would accommodate the valve prostheses.
Each combination of aortic valve and aorta was tested in three flow
states: 3, 5, and 8 L/min. The heart rate was 70 beats/min for the 3- and
5-L/min flows and 110 beats/min for the 8-L/min flow. The systolic interval
was 35% of the cardiac cycle. Normal saline at room temperature was used
for all flow conditions.
Invasive Hemodynamics
Pressure in the mock flow loop was measured using calibrated pressure
transducers located in the left ventricle and in the aorta 1 and 10 cm distal to454 The Journal of Thoracic and Cardiovascular Surgthe aortic valve. The mean pressure gradient was taken as the average dif-
ference in instantaneous pressures throughout ejection. The aortic valve
area was calculated as VRMS/(51.6 3 OΔP), where VRMS (L/min) is the
root mean square of systolic flow and ΔP (mm Hg) is the mean gradient
at 10 cm. All measurements were based on the average of 10 cardiac cycles.
Doppler Echocardiography Hemodynamics
Doppler analyses were performed using clinically available echocardio-
graphic imaging equipment (Vivid 3 Cardiovascular Ultrasound System,
GE Healthcare, Munich, Germany). A 5.5-MHz transesophageal echocar-
diography transducer was introduced in the flow loop 12 cm distal to the
prosthetic valve and manually aligned to interrogate the transvalvular
flow velocity using 2-dimensionally guided continuous-wave Doppler;
the scale and sweep were optimized for measurement of antegrade flow.
The greatest velocity spectral Doppler envelopes were measured on-line
for the mean gradient using the integrated echocardiography machine soft-
ware and the modified Bernoulli equation. When necessary, normal saline
in the mock loop was agitated to provide cavitation targets for Doppler as-
sessment. All measurements were based on the average of 3 cardiac cycles.
Pressure Recovery
PPR was assumed to be complete 10 cm distal to the prosthesis, and the
invasively derived gradient at this location was taken as PNET. PPR was
defined as the difference between the Doppler mean gradient (PMAX) and
the invasively derived gradient at 10 cm (PNET). The percentage of theDopp-
ler gradient composed of PPR was calculated as the PPR% ¼ 100 3 PPR/
PMAX. The percentage of PPR that was complete 1 cm distal to the valve
was calculated as PPR[1cm]% ¼ 100 3 (PMAXP1cm)/PPR, where P1cm is
the mean gradient 1 cm distal to the valve.
Statistical Analysis
For each structural and hemodynamic scenario (valve size, aorta size,
flow rate), analyses were performed using three different heart valve pros-
theses. Data are shown as the mean standard deviation. Linear regression
analysis was used to evaluate the association between Doppler and invasive
gradients. Analysis of variance was performed to test for differences in the
mean values between the three groups and significant differences were sub-
sequently evaluated by independent sample t tests for pairwise com-
parisons without adjustment for multiple hypothesis testing group
comparisons. Paired t tests were used to test for within-group mean differ-
ences. Associations between continuous variables (valve size, valve area,
aorta size, flow) and PPR (PPR, PPR%, PPR[1cm]%) were assessed using
the Pearson correlation coefficient; associations between valve type and
PPR were assessed using the Spearman correlation coefficient. Variables in-
dependently associated with PPR, PPR%, and PPR[1cm]%were determined
using multivariate linear regression analysis. Variables with P<.20 on uni-
variate analysis were entered into the multivariate model in a forward step-
wise fashion and included in the model using the criteria of F  0.05 to
enter and F 0.10 to remove. All statistical analyses were performed using
PASW Statistics, version 18.0, for Macintosh (SPSS/IBM, Somers, NY).RESULTS
Hemodynamics
Invasively derived valve areas at various flow rates are
listed in Table 1. Valve areas progressively increased at pro-
gressively greater flow rates for all valves and valve sizes.
Mean gradients 1 and 10 cm distal to the valve and
Doppler-derived mean gradients are listed in Table 2. For
all prosthesis types, a strong association was found
between Doppler-derived and invasively derived gradients
(Figure 1).ery c August 2012
TABLE 1. Invasively derived aortic valve area
Prosthesis (size, mm) 3 L/min 5 L/min 8 L/min Δ3L–5L Δ3L–8L Δ5L–8L
CEP (19) 1.4  0.2 1.7  0.2 2.1  0.4 0.24  0.09 (.001) 0.71  0.25 (.001) 0.47  0.21 (.003)
Mosaic (19) 1.0  0.1 1.1  0.2 1.3  0.2 0.08  0.6 (.02) 0.24  0.11 (.003) 0.16  0.06 (.002)
SJM (19) 1.2  0.0 1.3  0.0 1.4  0.0 0.03  0.02 (.03) 0.11  0.03 (<.001) 0.08  0.03 (.003)
CEP (23) 2.2  0.1 2.5  0.2 3.2  0.1 0.28  0.07 (<.001) 0.97  0.16 (<.001) 0.69  0.11 (<.001)
Mosaic (23) 1.5  0.0 1.7  0.1 2.0  0.2 0.14  0.05 (.001) 0.49  0.20 (.002) 0.34  0.16 (.003)
SJM (23) 2.0  0.1 2.1  0.1 2.2  0.1 0.10  0.02 (<.001) 0.18  0.03 (<.001) 0.08  0.02 (<.001)
Δ3L–5L, Δ3L–8L, and Δ5L–8L reflect change  standard deviation between flow states; data in parentheses are P values. CEP, Carpentier Edwards Perimount valve; Mosaic,
Mosaic porcine valve; SJM, St. Jude Medical valve.
Bach et al Evolving Technology/Basic SciencePressure Recovery
For all valve prostheses and in almost all flow states, the
mean pressure gradient 10 cm distal to the valve was signif-
icantly lower than the mean gradient 1 cm distal to the
valve, confirming the presence of PPR. As anticipated in
the setting of PPR, the echocardiographic gradient (PMAX)
was greater than the invasively derived gradient at 10 cm
(PNET). However, for all valves and in all but one flow state,
the Doppler gradient also was greater than the gradient 1 cm
distal to the valve (Table 2), suggesting that PPR had already
taken place only 1 cm distal to the valve. PPR, PPR%, and
PPR[1cm]% are listed in Table 3. The average PPR% across
all flow conditions for the Perimount, Mosaic, and St. Jude
Medical valves was 61.6%  7.6%, 58.9%  7.4%, and
57.4% 6.4%, respectively. Both PPR and PPR% increased
at higher flows. Different valve prostheses were associated
with different amounts of PPR. Differences between the
valve types in PPR% were evident at higher flow rates but
not at low-flow conditions.
The factors predictive on multivariate regression analysis
of PPR, PPR%, and PPR[1cm]% are listed in Table 4. PPR,
PPR%, and PPR[1cm]% were influenced by flow rate and
aorta size. PPR% and PPR[1cm]%, but not PPR, were influ-
enced by the prosthesis type.TABLE 2. Doppler and invasive mean pressure gradients at 3, 5, and 8 L/
Prosthesis
(size, mm)
Aorta
(mm)
3 L/min 3 L/min 3 L/min 5 L/min
Doppler
(PMAX) 1 cm
10 cm
(PNET)
Doppler
(PMAX)
CEP (19) 21 10.6  2.8* 6.5  1.9 4.8  1.5* 23.8  4.2y
Mosaic (19) 21 18.8  1.4y 10.8  2.5 8.1  2.0y 39.6  7.5*
SJM (19) 21 16.9  2.9* 8.9  0.9 7.2  0.4y 50.8  1.9y
CEP (19) 29 12.5  2.1y 6.8  1.6 5.6  1.1* 27.4  5.6*
Mosaic (19) 29 21.6  0.6* 13.0  2.1 11.3  1.9y 55.0  6.1z
SJM (19) 29 15.3  2.5* 7.7  1.3 6.8  0.9x 46.8  6.2y
CEP (23) 25 5.1  0.4y 2.9  0.3 2.3  0.2y 12.0  0.7y
Mosaic (23) 25 10.9  0.4y 5.6  0.2 4.7  0.1y 28.2  1.5y
SJM (23) 25 5.4  0.7* 2.9  0.1 2.7  0.1x 14.2  1.5*
CEP (23) 29 5.9  0.3y 3.4  0.1 2.6  0.1y 11.9  0.6y
Mosaic (23) 29 12.1  1.2y 6.8  0.9 5.6  0.5* 27.3  0.5y
SJM (23) 29 6.1  1.2{ 3.4  0.1 3.2  0.1y 15.6  2.0*
Invasive mean gradients shown 1 and 10 cm distal to valve; Doppler gradient represents m
gradient (PNET, see text for details). PMAX, Maximum pressure gradient; PNET, net pressur
y.001  P<.01; zP<.001; xP ¼ .06 compared with 1 cm; {P ¼ .05 compared with 1 cm
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Existing Data
The classic model of PPR is that localized high
velocities occur close to the valve, with subsequent
flow deceleration and recovery of pressure several centi-
meters distal to the valve orifice.2-5 Although PPR has
been documented with several aortic valve prostheses, it
is thought to occur to a greater magnitude with bileaflet
valves.4-8 In 1990, Baumgartner and colleagues4 demon-
strated higher gradients closer to the orifice of a bileaflet
mechanical valve using catheter pullback in a pulsatile
in vitro model but found no evidence of PPR with
a bioprosthesis. Bech-Hanssen and colleagues5-7 used
combined Doppler and catheter studies in a continuous-
flow model to show that PPR exists with multiple prosthe-
sis types (including bileaflet, single disc, and tissue
valves) but is of greatest magnitude with a bileaflet valve
and can occur at variable locations.7 Niederberger and
colleagues11 reported in 1996 that the magnitude of PPR
in a model of aortic stenosis can be predicted using the
Doppler effective orifice area and the cross-sectional
area of the ascending aorta, which was confirmed both
in vitro and in vivo for aortic valve prostheses by Garcia
and colleagues9 in 2003.min
5 L/min 5 L/min 8 L/min 8 L/min 8 L/min
1 cm
10 cm
(PNET)
Doppler
(PMAX) 1 cm
10 cm
(PNET)
14.0  2.9 9.6  2.0* 52.4  6.6y 22.8  2.7 12.7  2.4y
22.7  4.1 16.8  3.1* 96.6  17.0* 43.3  3.9 29.7  2.9y
23.1  0.5 17.4  0.2y 95.0  1.8y 47.5  2.0 33.9  1.8y
15.5  3.9 12.1  3.0* 63.0  12.8* 29.0  6.8 20.4  4.8*
33.1  5.6 27.9  5.6y 116.8  20.8* 63.1  13.7 50.3  12.1y
20.5  3.1 16.7  2.2y 91.6  9.5* 42.9  2.6 33.4  2.1y
6.4  0.1 4.7  0.0z 22.8  1.8y 10.4  0.6 6.4  0.6y
13.9  1.2 10.8  0.9y 60.1  7.1y 23.4  3.6 16.1  3.0y
8.2  0.4 6.9  0.3y 35.6  4.3* 19.6  0.5 14.6  0.1y
6.8  0.1 5.2  0.1z 26.8  0.7y 11.7  0.2 8.1  0.0y
15.0  0.4 11.7  0.2y 56.4  3.5y 25.6  1.4 19.6  1.5y
7.9  0.3 7.0  0.3y 35.7  4.1* 18.0  0.8 14.4  0.6y
aximum pressure gradient (PMAX); 10-cm invasive gradient represents net pressure
e gradient; other abbreviations as in Table 1. Compared with 1 cm: *.01  P<.05;
.
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FIGURE 1. Associations between Doppler and invasive gradients. PMAX (Doppler mean gradient) plotted against PNET (mean gradient 10 cm distal to
valve). Associations between Doppler and invasively derived gradients excellent for all prostheses tested; PMAX>PNET due to PPR. A, Carpentier Edwards
Perimount bioprosthesis (PMAX¼ 3.23 PNET2.4 [R¼ 0.94, R2¼ 0.89, P<.001]); B, Mosaic porcine bioprosthesis (PMAX¼ 2.43 PNETþ3.1 [R¼ 0.93,
R2¼ 0.87, P<.001]); C, St. JudeMedical bileaflet prosthesis (PMAX¼ 2.93 PNET3.8 [R¼ 0.99, R2¼ 0.98, P<.001]); D, all valves (PMAX¼ 2.63 PNET
þ0.8 [R ¼ 0.96, R2 ¼ 0.91, P<.001]).
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The present study found that PPR occurred with all three
prosthesis types and is responsible for a substantial amount
of the observed Doppler gradient—ranging from 47% to
76% in various flow states. Although univariate analysisTABLE 3. Pressure recovery, percentage of Doppler gradient composed o
1 cm
Prosthesis
(size, mm)
Aorta
(mm)
PPR (mm Hg)
3 L/min 5 L/min 8 L/min
CEP (19) 21 5.8  1.3 14.1  2.2** 39.7  5.3**,yy
Mosaic (19) 21 10.7  10.8xx 22.7  4.6x,# 66.9  14.1*,y,x
SJM (19) 21 9.7  2.7 33.5  1.8***,xxx 61.1  3.4*,y,xx
CEP (19) 29 6.9  1.0 15.3  3.9* 42.6  8.0*,y
Mosaic (19) 29 10.3  1.6x 27.2  3.1*,x 66.5  12.9*,y
SJM (19) 29 8.6  1.9 30.1  4.1**,x 58.3  9.0**,y
CEP (23) 25 2.8  0.4 7.3  0.7*,zz 16.4  2.2*,y
Mosaic (23) 25 6.2  0.2xxx,## 17.4  1.5**,xxx,## 44.1  6.3**,y,xx,#
SJM (23) 25 2.7  0.7 7.3  1.3** 21.0  4.2*,y
CEP (23) 29 3.3  0.4 6.7  0.6* 18.8  0.7***,yy
Mosaic (23) 29 6.5  0.7xx,## 15.6  0.5**,xxx,## 36.8  2.5**,yy,xxx
SJM (23) 29 2.9  1.1 8.6  1.7* 21.4  4.7*
PPR, Pressure recovery; PPR%, percentage of maximum gradient composed of pressure re
other abbreviations as in Table 1. Comparison vs 3L flow: *.01 P<.05; **.001 P<0.01
vs 29 mm aorta: z.01  P<.05; zz.001  P<.01. Comparison vs CEP valve: x.01  P<
##.001  P<.01; ###P<.001.
456 The Journal of Thoracic and Cardiovascular Surgsuggested that PPR differs between the prostheses (Mosaic
more than St. Jude bileaflet more than Perimount), multivar-
iate analysis found that flow and valve orifice area were the
major determinants of PPR. As such, the observed differ-
ences between the prosthesis types actually were a reflectionf pressure recovery, and percentage of pressure recovery complete at
PPR% PPR[1cm]%
3 L/min 5 L/min 8 L/min 3 L/min 5 L/min 8 L/min
55  3 60  2 76  3*,yy 71  2z 69  1 74  2
57  8z 57  2## 69  2y,x 74  6z 74  2zz,x,# 79  3
57  6 66  1xx 64  2xx 81  4x 83  1z,xxx 78  2z
55  3 56  7 68  1* 84  5 77  5 80  1
48  8 50  6# 57  7yy 83  5 81  2## 80  3
56  5 64  1 63  4* 89  4 88  1x 83  2
55  4 61  2zz 72  4 78  3 76  2 75  3
# 57  0z 62  3# 73  4*,z,# 84  1### 82  2x 83  2x,#
49  7 51  4x 59  5x 96  1xx 81  1**,z,x 76  4**,z
56  4 56  2 70  1*,yy 76  2 76  3 81  1
,## 54  2 57  1 65  2*,yy,x 81  5# 79  2## 84  2
47  10 55  4 59  6x 91  4xx 89  3xx 82  4
covery; PPR[1cm]%, percentage of pressure recovery complete 1 cm distal to valve;
; ***P<0.001. Comparison vs 5L flow: y.01 P<.05; yy.001 P<.01. Comparison
.05; xx.001  P<0.01; xxxP<.001. Comparison vs SJM valve: #.01  P<0.05;
ery c August 2012
TABLE 4. Independent determinants on multivariate regression
analysis of variables of pressure recovery
Variable Standardized coefficient ΔR2 P value
PPR
Flow (L/min) 0.93 0.58 <.001
Valve area (cm2) 0.53 0.26 <.001
Aorta size (mm) 0.09 0.01 .03
PPR%
Flow (L/min) 0.65 0.43 <.001
Aorta size (mm) 0.25 0.06 <.001
Valve type 0.21 0.05 .002
PPR[1cm]%
Valve type 0.63 0.32 <.001
Aorta size (mm) 0.41 0.18 <.001
Flow (L/min) 0.23 0.03 .002
ΔR2, Respective contribution of variable to full model predicting PPR, PPR%, and
PPR[1cm]%; other abbreviations as in Table 3.
Bach et al Evolving Technology/Basic Scienceof the different valve orifice areas for the various prostheses.
Flow was found to be the major determinant of the amount
that PPR contributed to the Doppler gradient, with aorta
size and valve type playing statistically significant, but
quantitatively minor, roles. Finally, the present study found
that a substantial amount of PPR (70%) occurred within
1 cm of the valve. Although the prosthesis type played
a role, the magnitude of the differences between the valve
types was minor and of doubtful clinical importance.E
T
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SComparison With Previous Studies
The finding that flow rate and valve area were the major
determinants of PPR is consistent with previously published
reports.2,5 The finding that a smaller aorta dimension was
associated with greater PPR also correlates with previously
published reports.7,9,11,12 The relatively minor quantitative
influence of aorta size on PPR in this model likely resulted
from the absence of any condition with a substantially
enlarged aorta. Clinical recommendations are to consider
PPR if the ascending aorta diameter is 3.0 cm or less,
3,9
and the present model included no conditions with an
aorta diameter greater than 2.9 cm.
The present study found that PPR was responsible for
greater than 50% of theDoppler gradients for all three tested
valve prostheses and that valve type played only a minor
role. In contrast, previous reports have described PPR in
the range of 13% to 35% for bioprostheses and 41% to
71% for a bileaflet mechanical valve.4,5,7,8 Although
1 report suggested that PPR does not occur with
a bioprosthesis,4 that study used catheter pull-back through
the valve orifice; because it is likely impossible to maintain
a catheter within the high-velocity vena contracta, it is pos-
sible that the catheter-based maximal gradient (and there-
fore, the calculated PPR) was underestimated relative to
the use of well-aligned Doppler ultrasonography.5-12 In
addition, the present study used a sophisticated pulsatileThe Journal of Thoracic and Camock circulatory system with chamber geometry,
compliance, and resistance intended to mimic the human
circulatory system. It is possible that the differences in the
amount of observed PPR between our study and those of
others could reflect the previous use of continuous-flow
models1,5-7 and the use of catheter-based assessments of
pressure gradients.1,2,4
In contrast to the classic concept that PPR occurs several
centimeters distal to the valve,2-5 the present study found
that a substantial amount of PPR occurred within 1 cm.
Although prosthesis type appeared to influence magnitude
of proximal PPR, it was substantial for all the tested
prostheses, with differences that were not of clinical
relevance. At least one previously published study found
substantial PPR within the valve housing and distinguished
PPR within the prosthesis from that within the aorta.
5 In clin-
ical scenarios, a catheter is not introduced to the level of the
vena contracta and could not be maintained at that location
for any appreciable interval. Because of the substantial
magnitude of PPR that was complete within 1 cm of the
prostheses, Doppler measurements of gradient will exceed
invasive estimates, regardless of catheter location, if PPR
is present.
Previously published reports have described varying
degrees of localized low velocities and PPR through central
versus side orifices of a bileaflet mechanical valve.4,6 In the
present study, the highest velocity Doppler envelopes were
analyzed, presumably through the central valve orifice.
Clinical Implications
High Doppler gradients can be observed after aortic valve
replacement despite a normally functioning prosthesis.3
Although PPR might be recognized in some patients based
on the clinical scenario, reports exist of patients referred
for reoperation that was avoided only when invasive testing
documented Doppler overestimation of gradients.14 In the
present study, the Carpentier Edwards Perimount biopros-
thesis, Mosaic porcine bioprosthesis, and St. Jude Medical
bileaflet mechanical valves all were associated with sub-
stantial PPR. When clinically derived Doppler gradients
are obtained in patients with these prostheses and an as-
cending aorta diameter less than 3.0 cm, a substantial por-
tion of the observed Doppler gradient—typically in excess
of 50%––can be attributed to PPR. As a clinical rule, in
patients with one of these prostheses and a normal caliber
aortic root, the Doppler gradients probably reflect at least
double the gradient that would be derived using invasive
testing.
Study Limitations
The present study had several limitations. First, it was an
in vitro study. Thus, although the mock flow loop is designed
to simulate the geometry and function of the human systemic
circulatory system, observations might differ among patientsrdiovascular Surgery c Volume 144, Number 2 457
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Safter valve replacement.Normal salinewas used in themodel;
althougha fluid viscosity different fromblood could affect the
Doppler gradients, conditions were the same for all prosthe-
ses. Themock loop used small valve sizes and normal caliber
aorta sizes, both of which promote PPR; thus, PPR would be
expected to be less among patients with larger valves and
an ascending aorta diameter greater than 3.0 cm. Additional
testing is required to define the degree to which Doppler
echocardiography overestimates the gradients in these condi-
tions. Finally, it has been well established that labeled valve
sizes are not comparable between manufacturers15-17; the
present study used the same labeled valve sizes from
various manufacturers and should not be interpreted as a
comparison of the overall hemodynamics between these
prostheses.CONCLUSIONS
In an in vitro model with a normal aorta size, substantial
PPR occurred in association with all three valves tested.
Flow and valve area (but not the prosthesis type) were the
dominant determinants of PPR. For all three prosthesis
types, PPR was responsible for 50% or more of the observed
Doppler gradient. A preponderance of PPR occurred very
close to or within the prosthesis. Clinically, among patients
with an ascending aorta diameter less than 3.0 cm, it should
be assumed that Doppler echocardiography substantially
overestimates prosthetic aortic valve mean gradient.
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